Neutrinos from Dark Matter annihilation inside the Sun by BARATELLA, PIETRO
Università di Pisa
Facoltà di Scienze Matematiche Fisiche e Naturali
Corso di Laurea Magistrale in Scienze Fisiche
Anno Accademico 2012/2013
Tesi di Laurea Magistrale
Neutrinos from Dark Matter
Annihilation inside the Sun
Candidato                                                                        Relatore
Pietro Baratella                                                               Prof. Alessandro Strumia

Abstract
Under the hypothesis that Dark Matter is made of weakly interacting
massive particles which surround us, we expect to see a signal of its presence
in the form of a flux of highly energetic neutrinos coming from the center of
the Sun, where they are created in the process of DM-DM annihilation into
Standard Model particles. An overdensity of DM particles is expected there,
since they can get trapped by Sun’s gravity after occasional scatterings with
nuclei.
The detailed calculation of this flux is of crucial importance in the re-
search field of Dark Matter indirect detection. In this work we compute
it for a broad range of DM masses and for all annihilation channels into
Standard Model particles, keeping track of both high and low energy neutri-
nos. Neutrino spectra at production region, which we computed by means
of Geant and corrected taking into account the electroweak effects, are def-
initely not spectra which reach the Earth surface. So we follow the travel of
neutrinos to reach Earth, computing oscillations, matter effects and absorp-
tion, important for energetic neutrinos. We also compute in detail the rate
for capture of Dark Matter particles by the Sun which, under the plausible
assumption that capture and annihilation equilibrate, fixes the number of
annihilation events per unit time: Γann = Γcapt/2.
The final result will be a public code presenting the energy spectra of
neutrino mass eigenstates before crossing the Earth, together with a code
that computes flavour spectra after having crossed the Earth with a generic
zenith angle.
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Chapter 1
Introduction
Many observations indicate that most of the mass in the Universe is invisi-
ble to us, and a vast theoretical and experimental effort is dedicated to the
understanding of the nature of this unseen stuff. Many arguments make
plausible the hypothesis that this Dark Matter consists of weakly interact-
ing massive particles (also known as WIMPs), that went out of equilibrium
during the Universe early expansion, their abundance being fixed since then.
These particles are believed to constitute a dark halo surrounding galaxies,
in particular our Milky Way.
In this framework, Dark Matter particles have small but finite coupling
with known particles. The most straightforward 1 way to detect them is to
monitor a large number of particles, which constitute targets for the rambling
WIMPs, and wait for signals coming from scattering between them. This
procedure is called Direct Detection.
One can also look for events at colliders in which two Standard Model
particles annihilate into an invisible product.
This work is inserted into another field of Dark Matter detection, which is
called Indirect Detection: if two WIMPs encounter, they can annihilate into
known particles, giving signals that can be recognized thanks to their typical
energy and energy spectrum. One can then look for signals coming from
the halo of the Milky Way or for neutrino signals coming from the center
of nearby celestial bodies. This work consists in a detailed study of signals
coming from DM particles annihilating inside the Sun.
The basic picture is the following: Dark Matter particles that constitute
the halo of the Milky Way have a small but finite probability of scattering
with a nucleus of a massive celestial body (e.g. the Sun or the Earth) if
their orbit passes through it. If their velocity after the scattering is smaller
1In the sense that the idea is simple, of course experiments are very delicate!
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than the escape velocity from that body, they effectively become gravitation-
ally bound and start orbiting around it. Upon additional scatterings, they
eventually sink into the center of the body and accumulate, building up a
local DM overdensity concentrated in a relatively small volume. There they
annihilate into Standard Model particles, giving origin to fluxes of energetic
neutrinos [12, 13, 14, 15, 22]. These neutrinos are the only species that can
emerge, after experiencing oscillations and interactions in the dense matter
of the astrophysical body. The detection of high-energy neutrinos from the
center of the Sun or the Earth, on top of the much lower energy neutrino flux
due to nuclear fusion or radioactive processes, would arguably constitute one
of the best proverbial smoking guns for DM, as there are no astrophysical
processes able to mimic it.
In this work we perform a computation of spectra at production, includ-
ing the full list of two-body SM annihilation channels; a careful description of
the energy losses of the primary particles in solar matter including regenera-
tion effects and electroweak corrections. Furthermore we use the up to date
neutrino oscillation parameters, including the recently discovered non-zero
θ13.
The final energy spectrum of the neutrino flux at the detector location is
written as
dΦν
dEν
=
Γann
4pid2
dNν
dEν
(1.1)
where d is the Sun–Earth distance, Γann is the total DM annihilation rate in
the Sun, dNν/dEν is the energy spectrum of νe,µ,τ and ν¯e,µ,τ produced per DM
annihilation after taking into account all effects. These two quantities are
provided as a public code. Since we pursue a model-independent approach
(rather than focusing on specific DM models such as supersymmetric ones),
we computed the neutrino energy spectra from DM annihilations in the Sun
into all possible pairs of SM particles:
e+Le
−
L , e
+
Re
−
R, µ
+
Lµ
−
L , µ
+
Rµ
−
R, τ
+
L τ
−
L , τ
+
R τ
−
R , νeν¯e, νµν¯µ, ντ ν¯τ ,
qq¯, cc¯, bb¯, tt¯, γγ, gg,W+LW
−
L , W
+
T W
−
T , ZLZL, ZTZT , hh
(1.2)
where q = u, d, s denotes a light quark, the subscripts L,R on leptons denote
Left or Right-handed polarizations, the subscript L, T on massive vectors
denote Longitudinal or T ransverse polarization. The computation proceeds
as follows:
1. The total rate of DM annihilations Γann in the Sun is computed in
chapter 3 in terms of the spin-independent and spin-dependent DM
cross sections with nucleons.
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2. As described in chapter 4, we compute the energy spectra of ν and ν¯
at production for DM annihilations into
e+e−, µ+µ−τ+τ−, qq¯, cc¯, bb¯, tt¯, γγ, gg,W+W−, ZZ, hh. (1.3)
Decays and hadronization, energy losses in matter and secondary neu-
trinos generated by matter particles scattered by DM decay products
(an effect ignored in previous computations) are computed running
Geant [24] using the EU Baltic Grid facilities [27]. The first three
effects are independently computed with Pythia [25], modified by us
to include energy losses in matter.
3. As described in section 4.2, we correct the spectra at production in-
cluding the dominant electroweak radiation effects (not included in
MonteCarlo codes) enhanced by logarithms of MDM/mW , as described
in [29]. EW corrections depend on the polarisation of the SM particles,
thereby we need to specify it in eq. 1.2.
4. As described in chapter 5, we propagate the fluxes of ν and ν¯ at pro-
duction around the center of the Sun to the Earth taking into account
oscillations, matters effects, absorption and regeneration from collisions
with matter using the neutrino density matrix formalism as in [22]. We
improve on previous computations taking into account the recently dis-
covered neutrino mixing angle θ13 and the two possible mass hierarchies
of neutrinos (normal or inverted).
The final results are presented as energy spectra of neutrino mass eigen-
states ν1,2,3 and ν¯1,2,3 before crossing the Earth. From these one easily obtains
the energy spectra of νe,µ,τ and ν¯e,µ,τ after having crossed the Earth with a
generic zenith-angle ϑ.
Our results will be public, since they were computed to bridge the gap
between theory and observations. A lot of groups are working in the field of
Indirect Detection, and neutrino telescopes are directed towards the Sun to
detect DM signals, like the famous Super Kamiokande in Japan, or the recent
IceCube, situated at the South Pole. Experimentalist can use our results to
deduce the magnitude of DM neutrinos signals and infer bounds on the Dark
Matter characteristics.
We remark here that we work in complete generality (differing in this
from other works on the same field, which often start from a specific model),
covering a wide range of DM masses and considering every possible decay
channel. Finally, the whole range of neutrino final energies is covered, with-
out limiting to a specific window, such that this work is suited for every
neutrino telescope.
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In the next chapter we review evidences for Dark Matter, and the mech-
anism of particle decoupling from the thermal bath, which determines the
present abundance of Dark Matter in the Universe.
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Chapter 2
Motivations
General relativity has proved to be a powerful guide for our understanding of
the World, imposing itself as a firm scientific paradigm. Many observations,
which are interpreted in the framework of General relativity (or even simply
Newtonian gravity, which is its classical limit), suggest to us that there is
more matter in the Universe than what we can see.
In a situation like this, two attitudes can emerge: one can try to modify
gravity, or claim that the theory of gravity is good and look for the missing
stuff. Until now, every attempt in the first direction failed, being incompat-
ible with data.
This last remark is of general validity in scientific research, but in this
particular situation there’s an important subtlety: observations which led
us to conclude that there is some Dark Matter in the Universe regard only
its effect by gravitational interactions. On the contrary, at least ideally, the
confirmation of the presence of this Dark Matter, what would lead us to
say that “we saw Dark matter”, would involve its interaction with ordinary
matter via a non-gravitational force. The problem is that it’s possible for
a particle to interact with another particle only gravitationally 1. So there
could be a scenario, a kind of a stall, in which the theory is correct but we
have no way to see this extra matter in a non-gravitational way.
Let’s pause on this question, and try to focus on it comparing this sit-
uation with that of the discovery of Neptune. The existence of this planet
was in fact conjectured before its discovery (1846) to explain an anomaly
in the motion of Uranus. -We’ll see in the next sections that the existence
of Dark Matter is conjectured just to explain some anomaly in the motion
of galaxies-. The existence of an unseen planet was a natural explanation
for the anomalous motion of Uranus, while an assertion like “there is planet
1For example, you can not find two of the Standard Model particles which have this
property
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which is made of a kind of matter that doesn’t interact with ordinary matter”
would have sounded like science fiction.
Today we see as more plausible the scenario of a completely sterile particle
which accounts for the missing matter, but for obvious reasons it is not a
compelling situation. So we consider a different set up, according to which
Dark Matter is a thermal relic of the early Universe evolution. We will justify
this framework and see what are the constraints which derive from it. Before
that we are going to review briefly the basic evidences that brought people
to introduce Dark Matter.
2.1 Evidences for Dark Matter
2.1.1 From Astrophysics
We start from an observation which is so simple that can hardly fail to be
convincing. In a gravitating system the motion of every body should be
consistent with the distribution of matter of the system itself and with the
laws of gravitation, and so a simple way to test this consistency is to study
the rotation curves of the bodies of the system (a plot of v(r)), and see if they
agree with those deduced by the the matter distribution which is observed.
This “consistency check” failed when applied to spiral galaxies. Using
21-cm emission, the circular velocities of clouds of neutral hydrogen can be
measured as a function of r, the distance from the center of the galaxy. One
would expect that once r becomes greater than the dimension of the region
in which the mass is concentrated, v starts to drop like r−1/2. In the galaxy
to which picture 2.1 refers, the luminous disk extends no further than about
5 kpc, so one cannot explain the flat behaviour of v(r) only in terms of it.
To explain that, one usually postulates the existence of a Dark halo, larger
in radius than the dimension of the luminous galactic disc.
Using tracers other than neutral hydrogen one gets similar results.
Another class of observations concerns the phenomenon of gravitational
lensing, that is the distortion of light coming from background galaxies caused
by the presence of large mass concentrations. This distortion is proportional
to the content of matter of the region traversed by the light, so that one can
infer if there is more matter in that region than what expected.
Rather than reviewing evidences for the presence of Dark Matter that
come from this kind of observations, we will present a recent -and pictorial-
application of this method.
Of course galaxies can collide, and it is possible to see in the sky the
tracks of one of these galactic collisions. By the just explained technique one
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Figure 2.1: Velocity profile of
Galaxy NGC 6503
Figure 2.2: Galaxies after a colli-
sion
can deduce the mass distribution of matter (dark and non dark, often called
baryonic) in the collision zone. On the other side, with X-ray telescopes one
can infer where the baryonic matter is. Let’s now take a look at figure 2.2;
in blue are represented zones which are “seen” only through gravitational
lensing, while in red zones which also emit radiation. Having in mind Dark
Matter as
• the main constituent of galaxies (in terms of mass, of course)
• a weakly interacting stuff
it becomes quite natural to interpret that figure according to the following
dynamical picture: whereas the baryon components of the two galaxies suf-
fer the collision and remain attached, the dark components don’t feel any
interaction (except for the gravitational, or at most a very weak one) and go
on. So one can see the dark components in blue and, in the middle of the
collision region, the baryonic one in red.
Historically, the first hint that matter we see cannot suffice to explain
all gravitational phenomena came from the observation, by astronomer Fritz
Zwicky in 1933, of the Coma cluster of galaxies.
The virial theorem, applied to gravitating systems, tell us that the time
average of the kinetic energy of the system is linked to the time average of
the potential energy via formula:
T¯ = −1
2
V¯ . (2.1)
By measuring the average velocity dispersion and by estimating the mass
content of the various object, and the distances between them, one can check
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consistency by the just presented formula. Zwicky found that consistency
could be obtained -again- only by postulating the existence of a large amount
of unseen extra matter.
So astrophysics give us evidences of Dark Matter both on the galactic
and galaxy cluster scale.
The fundamental property which it shares is of course that of being non
luminous. It is generally known that stellar objects which are non luminous
exist, like for example white and brown dwarves, neutron stars, black holes
and cold gas clouds. Observations of galactic collisions tend however to
exclude the possibility that the main constituent of Dark Matter consists of
those objects. If fact we saw that post collision landscapes show that Dark
Matter behaves like a weakly interacting stuff, and this excludes the above
listed astrophysical objects.
Let’s remark that the observation of galactic collisions suggest to us that
Dark Matter interacts weakly with both ordinary matter and itself.
2.1.2 From Cosmology
Observations at galactic scale tell us something about the content of Dark
Matter at that scale. Information about the total content of Dark Matter of
the Universe can instead be extracted from cosmological observations.
The main sources of such informations are:
• measurement of the luminosity distance up to considerable redshift
• analysis of the Cosmic Microwave Background anisotropies
We will talk briefly about these two methods to see how they work and what
information give us about the contribution of Dark Matter at cosmic scale.
Suppose there are objects in the Universe whose absolute magnitude L
is known (as a matter of fact you can find them in the real world: they are
Super Novae Ia). We call luminosity distance dL of those object, which are
called standard candles, the ratio
d2L =
L
4piF
, (2.2)
where F is the flux measured by the observer. In euclidean static space
it corresponds to one of the possible physical ways to infer the euclidean
distance (which is the distance) of an object because, as is generally known,
for a source of distance d the flux over the luminosity is just one over the
area of a sphere centred around the source: F/L = 1/4pid2.
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Instead in an evolving universe there’s not a unique notion of spatial
distance, and we take formula 2.2 as the definition of one of these inequivalent
distances.
Another observable quantity which is easy to measure is the redshift z,
that is
z =
λobs − λem
λem
, (2.3)
which measures the fractional change in wavelength of a photon during
its travel from the standard candle to us; in this way we can measure dL(z).
The point is that the behaviour of dL(z) depends on the way the Universe
is evolving, which on the other side depends on its content of matter, radi-
ation, cosmological constant and curvature. Therefore from the observation
of standard candles we can get information on those parameters.
Cosmic Microwave Background is often told to be a photography of the
Universe at the time of Recombination, and in fact a lot of theoretical and
experimental effort is dedicated to the extraction of informations from that
cosmic photo. The basic observational quantity is its anisotropy which, being
a function of the angle of observation, can be decomposed into a sum of
spherical harmonics, which capture its angular dependence.
To obtain informations one has to build an early Universe model (de-
pending on a number of parameters), deduce from it the angular dependence
of CMB anisotropies, and finally confront it with the observations. The best
fit gives constraints on the parameters of the model, which in general can
include quantities of interest to us like the content of matter of the Universe.
Working with CMB anisotropies is made relatively easy thanks to their char-
acteristic of being small, and in deducing them from the theory one has not
to worry about gravitational instabilities. This keeps the theoretic uncer-
tainties, along with the experimental ones, very small.
The cosmological picture that comes from these and other observations
and arguments is the following: our Universe is flat and at present contains
mainly matter and cosmological constant (nearly 30 and 70 percent of the
energy density, respectively), while the amount of radiation is today negligi-
ble.
One fundamental point for us is that only 4 percent of the total amount of
energy density is baryonic matter. Most of the matter density must therefore
be in the form of non baryonic dark matter.
The picture that emerges from cosmological observations and arguments
is that, like astrophysics suggested, matter in the universe is composed mainly
of a kind of matter which is unfamiliar to us. We remark that cosmology
suggests that it should be non baryonic matter.
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2.2 Dark Matter as a Thermal Relic
It is sometimes said that decades of theoretical work restricted the Dark
Matter mass to a range of 100 orders of magnitude. For example, our present
observations cannot exclude that Dark Matter is made of primordial black
holes, nor that it is made of ultra-light scalar particles like the axion.
Experiments are of course testing all these theories and imposing bounds
on their parameter spaces.
As anticipated, we will take here the point of view that Dark Matter is
made of particles, and that they are the thermal relic of a new stable particle.
We will see in this section which are the basic constraints that we can derive
from this assumption, and try to justify it. We’ll also recall some points of the
theory of thermal evolution of the early Universe, and of particle decoupling
from thermal bath.
2.2.1 DM Decoupling from the Thermal Bath
The Universe expansion is usually described in terms the scale factor a(t). Its
evolution is driven by the Friedmann equations, and it is generally accepted
that at early times it tended to zero (big bang theory). The evolution of a
tell us that we cannot speak properly of a Universe in thermal equilibrium.
Nevertheless, for practical purposes, the Universe has for much of its his-
tory been very nearly in thermal equilibrium, showing at specific moments
important (and necessary for our very existence!) departures from it.
To see if a species can maintain thermal equilibrium with the bath of
the other particles with which it interacts, we must compare its interaction
rate Γ with the expansion rate of the Universe, which is given by the Hubble
parameter H(t) = a˙/a.
At early times the Universe was dominated by radiation, and in this
case Friedmann equations tell us that H2 ∝ ρR (ρR is the energy density of
radiation). On the other side, thermal physics tell us that the energy density
of radiation is proportional to the fourth power of the temperature, implying
that
H ∝ T 2. (2.4)
The coefficient of proportionality is set by the Planck mass: H ∼ T 2/mPl.
As the universe expands, it gets cooler so, if the reaction rate of a given
species, as a function of the temperature, goes to zero more rapidly than T 2
(for T → 0), we expect that at a given temperature it decouples from the
thermal bath. If moreover it is a stable or quasi stable particle, its abundance
will freeze in.
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The equation that quantifies the physical phenomenon of which we are
talking about is the Boltzmann equation, which expresses the evolution of
the density of a particle decoupling from the thermal bath, in an expanding
universe
dn
dt
+ 3Hn = −〈σv〉 (n2 − n2EQ) , (2.5)
where n is the actual particle density, nEQ is the density it would have if
it remained in equilibrium with the thermal bath, and 〈σv〉 is the thermal
average of its annihilation cross section times velocity.
Analysis of the Cosmic Microwave Background suggests us that at the
time of Recombination Universe was filled with a negligibly interacting par-
ticle which was non relativistic. This last property is also strongly recom-
mended by the analysis of the large scale structures in the Universe, which
show that structures form hierarchically (smaller structures form and then
recompose into larger structures) rather than by fragmentation, the kind of
evolutionary process being decided by the nature of Dark Matter, respec-
tively cold, that’s non relativistic, and hot, that is relativistic.
Following these suggestions, we are going to study, via the Boltzmann
equation, the decoupling of a weakly interacting particle which is becoming
non relativistic. We will see that, as a general feature, a definite cosmolog-
ical abundance of decoupled particles will be predicted. By comparing this
abundance with the one observed we will get an indication of the order of
magnitude of the annihilation cross section and mass of the relic particle, on
which this work will be based.
The non relativistic equilibrium density shows a Boltzmann exponential
suppression
nEQ ∼ (MDMT )3/2 exp(−MDM/T ),
and it’s easy to see that Γ, the reaction rate per particle, being propor-
tional to it, it will sooner or later fall under H, which decays only polynomi-
ally with T , implying decoupling (at Γ ∼ H).
The solution of the Boltzmann equation tell us both the temperature at
which decoupling occurs (freeze out temperature) and the final abundance
of decoupled particles.
Figure 2.3 shows some plot of Y ≡ n/s, being n solutions of the Boltz-
mann equation with varying annihilation cross section, and s the entropy
density of the Universe, in such a way that asymptotically n/s becomes con-
stant.
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Figure 2.3: Boltzmann equation
It is the value of Y at infinity, which we call Y∞, that determines the
abundance of the decoupled particle
ρnow = snowY∞MDM. (2.6)
An analytic approximation for Y∞ is obtained by matching the solutions
of the Boltzmann equation long before and long after freeze out (see for
example [1]). One finds that
Y∞ =
zf
√
45/pigSM
MPlMDM 〈σv〉f
, (2.7)
where z stays for MDM/T and the subscript f indicates the time of freeze
out. As can also be inferred from figure 2.3, zf shows only a weak dependence
on the parameters, and is approximately equal to 25. On the contrary, one
can see that Y∞ is inversely proportional to the averaged annihilation cross
section times velocity at freeze out.
A parameter which is often used by cosmologists is the fraction of the
predicted present abundance of decoupled particles to the critical density,
which is the actual density of the Universe, being it flat
Ωnow =
ρnow
ρcrit
=
snowY∞MDM
3H20/8piGN
=
0.110
h2
Y∞MDM
0.40 eV
.
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Notice that Ωnow depends on MDM only weakly via zf .
Now the point is that we want these decoupled particles to explain the
present abundance of Dark Matter in the Universe, so we impose
Ωnow = ΩDM =
0.110
h2
,
from what we deduce that Y∞MDM/0.40 eV must be unity. Inserting the
appropriate numerical values we obtain that
〈σv〉f ' 3 · 10−26
cm3
sec
. (2.8)
Let’s remark that this value is roughly independent of the value of the Dark
Matter mass. By the way, dimensional analysis (〈σv〉f ∼ 1/M2DM) suggests
that the mass of the Dark Matter particles is roughly of the order of 1 TeV.
That’s why in this work we consider weakly interacting massive particles.
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Chapter 3
Expected Total Flux
In the last chapter we provided evidences for the presence around galaxies,
in particular our Milky Way, of a Dark Matter halo which, according to our
discussions, is composed of weakly interacting massive particles (WIMPs).
We will show that, having them a non vanishing cross section with or-
dinary matter, they can interact with celestial bodies and get captured by
their gravity, so that they accumulate inside them.
To compute the rate at which this capture process occurs, one needs to
know the phase space distribution of Dark Matter particles, in particular the
local mass density and velocity distribution.
In the next section we will briefly discuss about what we know of these
quantities.
3.1 Dark Matter distribution in the Galaxy
Our knowledge on Dark Matter distribution in the Galaxy is mostly based on
simulations of the evolution of large scale structures starting from theoreti-
cally specified initial conditions. Input from experiments are quite limited,
given the difficulty of extracting useful informations from rotation curves,
especially for regions around the galactic center, where Dark Matter is not
the main component.
For our purposes, this is not a big limit, since the capture rate does only
depend on the local Dark Matter density, which is known with fair precision,
its value being
ρDM = (0.3± 0.1)GeV
cm3
.
Anyway, to obtain the galactic density distribution of WIMPs, one starts
with a theoretical model and then fits data to obtain the best values for its
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parameters. Different works give results with fair agreement in outside re-
gions and very little agreement for the galactic interior due, as anticipated, to
imprecise experimental informations and difficulties in the theoretical meth-
ods (due principally to instabilities inherent in gravitational dynamics).
To obtain the velocity distribution one uses Eddington formalism which,
under the assumptions that
• the density distribution is spherically symmetric,
• Dark Matter particles constitute a collision-less system,
• the velocity distribution is isotropic,
deduces what is the consistent profile for velocities at any given r, the dis-
tance from the galactic center. We will obviously consider our stellar system
location, which is ∼ 8 kpc far from the galactic center.
The so obtained distribution can then be fitted using standard distribu-
tions such us Maxwellian, or -better- truncated and distorted Maxwellian.
The width of the distribution is found to be a value between
220 km/sec < v0 < 270 km/sec
and the truncation, given by the finite escape velocity from our location
in the Galaxy, is set to a value which lies in the range
450 km/sec < vtr < 650 km/sec.
The distribution will then be
f(v) ∝ e−v2/v20 Θ(vtr − v). (3.1)
Some authors prefer to introduce another parameter k, which distorts the
distribution
f(v) ∝
[
exp
(
v2tr − v2
kv20
)
− 1
]k
Θ(vtr − v), (3.2)
and has the effect of smoothing the cutoff. Its values lie in the range 1.5 <
k < 3.5.
3.2 Calculation of the Total Flux
We are now ready to get into the specific context of the present work. We
are in fact going to discuss in great detail about the rate at which the Dark
Matter particles which surround the Solar System are captured by the Sun
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(we will call this quantity Γcapt), taking the discussion of the last section as
a guide in our choice of the interesting parameters.
At the end of the chapter we will present some approximated formulae
for the capture rate which are valid in some specific regime and which show
in a clear way its dependence on the unknown parameters.
The main observable that we are computing in this work is the flux of
neutrinos which come from annihilations of DM particles, which are concen-
trated inside the Sun, into Standard Model particles. It is clear that the
total flux of Dark Matter neutrinos will be proportional to the number of
annihilation events per unit time that take place in the sun, which we call
Γann.
The calculation of the capture rate is then crucial for this work because,
if a stationary condition is reached, then:
Γann =
1
2
Γcapt. (3.3)
Balance is in fact reached when to every annihilation event there correspond
two capture events. To understand if, in the specific context of the Sun,
equilibrium has been reached, one has to study in more detail the equation
that governs N , the total number of DM particles in the Sun.
The variation of N is given by the competition of the just presented events
of capture and annihilation:
dN
dt
= Γcapt − 2Γann. (3.4)
While Γcapt is independent of N , the annihilation rate Γann is proportional
to N2. One usually puts Γann = 1/2 CAN
2. A sketch of the calculation of
CA will be presented below.
In conclusion one has to solve:
dN
dt
= Γcapt − CAN2, (3.5)
the initial condition being that N = 0 at the time of Sun formation, that is
about 4.5 billions of years ago (t = 0). After solving the differential equation
with this initial condition one finds that:
Γann =
Γcapt
2
tanh2
(
t
τ
)
(3.6)
where τ = 1/
√
ΓcaptCA. If τ  t one recovers equation 3.3. To see what
is the time-scale which characterizes the equilibrium between capture and
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annihilation one has therefore to calculate CA and Γcapt. We don’t need the
precise value of τ , since we only want to compare its order of magnitude with
that of t. So we will content to estimate CA; on the contrary we will need
a precise computation of Γcapt, since it enters not only in τ but also in the
equilibrium value of Γann.
3.3 Calculation of CA
The coefficient of proportionality which sets the magnitude of the annihila-
tion rate, that is CA, is given by [6]
CA =
1
N2
∫
d3x n(~x)2〈σv〉 = 〈σv〉
∫
d3x n(~x)2
(
∫
d3x n(~x))2
, (3.7)
where we have assumed that the average cross section times velocity does
not depend on position, which is correct given that WIMPs captured by the
Sun move very slowly, such that 〈σv〉 is taken in the limit of zero velocity.
To get CA one needs to know the spatial distribution of Dark Matter
particles trapped into the Sun, so we will sketch here its derivation.
Let’s suppose that, after capture, the Dark Matter particles undergo sub-
sequent scatterings such that they fall into the center of the Sun. There they
thermalize with matter, in such a way that they acquire a distribution gov-
erned by the Sun temperature. Their distribution will therefore be described
by the Boltzmann distribution
n(r) = n0e
−MDMφ(r)/T , (3.8)
where n0 is the central density of WIMPs, T is the central temperature
of the Sun 1 and φ(r) =
∫ r
0
GNM(r)/r
2 is the gravitational potential inside
the Sun which, assuming that in the region of interest the density is constant,
simplifies to
φ(r) = GN
2
3
piρr2.
Our distribution then becomes Gaussian with radius rDM =
√
3T/2piGNMDMρ.
Numerically, one finds that
rDM ' 0.01R
√
100 GeV
MDM
,
1We are in fact assuming that Dark Matter particles are trapped into a region which
is sufficiently small that only the central temperature matters
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so we see that WIMPs are concentrated in a relatively small region at the
center of the Sun, and that the assumptions of fixed density and temperature
are fair. We remark that for the annihilation rate we need only an estimate,
to see if the equilibrium assumption is justified.
We are now in a position to calculate CA explicitly, and we find that
CA = 〈σv〉
(
GNMDMρ
3T
)3/2
. (3.9)
Substituting constants with their numerical values, one finds that
CA ' 5.7 · 10
−57
sec
( 〈σv〉
3 · 10−26cm3/sec
)(
MDM
GeV
)3/2
. (3.10)
This value will be used in the next section, together with the estimate
of Γcapt, to see for which values in the parameter space of the theory the
equilibrium condition is verified.
3.4 Calculation of Γcapt
3.4.1 Derivation of the Exact Formula
According to the point of view that we are adopting in this work, the Solar
System is surrounded by Dark Matter particles. Faraway from the Sun their
energy density will be equal to ρDM, and their velocity will be described by
a certain distribution F , whose specific form will be unimportant for the
following derivation[7, 8, 9].
Let’s take a sphere of radius A centred in the Sun. We want A to represent
the influence zone of the Sun, in the sense that even if Sun’s gravity is there
negligible, it should nevertheless be bigger than the one of its nearby stars.
Let’s now consider the Dark Matter particles which, in a given time inter-
val, enter into the surface of the sphere. A fraction of these particles will have
a trajectory that passes through the Sun, and will have a certain probability
of interacting with it. If the particle loses enough energy, than it will be
captured by Sun’s gravity. We are going to calculate the number of particles
which get captured by the Sun per unit time.
Let’s fix a particular point on the surface, which will be in position ~x =
Axˆ, and consider an infinitesimal surface around that point
~dS(~x) = ~dS(Axˆ) = ~dS(xˆ).
The Dark Matter velocity will be described by the density
F (~v)d3v.
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The number of Dark Matter particles that pass through the surface ~dS(xˆ) in
time dt with velocity in volume d3v(~v) is given by
dN = ~dS(xˆ) · ~v dt F (~v)d3v n = (3.11)
= dS(xˆ) v cos θ dt F (~v) dϕ d cos θ v2 dv n,
where n is the number density of the Dark Matter particles, that is ρDM/MDM.
Given the spherical symmetry of this problem, the form of the trajectory of
the particle will depend only on its speed v on the surface (which we’ll call
A) and on θ, the angle at which the particle crosses the surface.
The number of particles which cross the surface dS(xˆ) in time dt with
fixed speed and polar angle is the integral over dϕ of eq. 3.11. To obtain
the total number of particles which enter the whole surface A, one should
integrate over dS(xˆ). This integration has the consequence of averaging F
over the solid angle, such that only this average is important for the total
capture rate. One finds that∫
A
∫
dϕ
dN
dt
= 2pi n v
1
2
d cos2 θ A2 4piv2F¯ (v)dv. (3.12)
This is the total (differential) flux of Dark Matter particles which go into
A with speed v and angle θ.
It is useful to use as a variable, instead of θ, the angular momentum per
unit mass J , which is conserved along the whole trajectory.
J2 = (Av sin θ)2 = A2v2(1− cos2 θ)
d cos2 θ =
dJ2
v2A2
We have now the differential flux of Dark Matter particles which go into the
influence zone of the Sun with fixed angular momentum and speed at A.
Notice that in these variables the flux doesn’t depend anymore on A
dΦ = (2pi)2
ρDM
MDM
vF¯ (v)dv dJ2. (3.13)
Having quantified the flux of particles which have the same free trajectory,
we want to discuss their interaction with the Sun. We are going to study
those events in which the Dark Matter particles, colliding with particles
composing the Sun, lose a fraction of their energy such that their velocity
no longer exceeds the escape velocity at the point of collision, and they get
captured. Let’s remark here that the mean free path in the Sun of a Dark
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Matter particle is typically much more large than Sun radius, implying that
collisions are rare.
To study the collision, we can see that, having fixed the trajectory of the
travelling particle, we need only to specify the radius at which the collision
happens, which we’ll call r. By specifying r, in fact, we specify the energy of
the colliding particle, the density of the Sun (and so of the target particles),
and the escape velocity at that point. We can therefore divide the Sun into
shells of thickness equal to dr, study the capture probability at a fixed r, and
then sum up the contributions of all the shells.
To be rigorous, one should keep into account that before interacting with
an inner shell, the particle passes through the outer shells, where it can
interact. So one would have to introduce conditional probabilities. However,
in the limit of rare collisions, the independent shells approximation becomes
exact.
So let’s concentrate on the shell of radius r and thickness dr.
We want now to determine the thickness of matter traversed by the par-
ticle. This is fixed by the angle with which the trajectory of the particle
intersects the shell, which is fixed by conservation of angular momentum and
energy. The conservation of energy tells us that the squared velocity of the
particle at r is equal to w2 = v2 + v2esc(r), and the conservation of angular
momentum that sin θ′ = J/wr (θ′ is the angle between the particle trajectory
and the normal to the shell). We conclude that
dl = 2dr
1
cos θ′
Θ(rw − J) = 2dr
[
1−
(
J
rw
)2]−1/2
Θ(rw − J). (3.14)
The factor of two accounts for the fact that the shell is traversed two times,
when it is traversed (Heaviside Theta equal to one).
The Sun is composed of different particles, which in general have a differ-
ent cross section with the DM particles. So as usual, let’s treat separately the
various contributions, which we are labelling with the index i. The number
of collisions with particle i is given by, having fixed r, v and J
[DM particles per unit time] · [i particles per unit surface] · σi =
= [dΦ] · [ni dl] · σi. (3.15)
To obtain the differential capture rate we have to multiply for the probability
P that a Dark Matter particle gets captured, once it collides. We will see
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that it depends only on the velocity at A and on the escape velocity at r
(and of course on the species considered). We finally have that
dΓi = [dΦ] · [ni dl] · σi · Pi(v, vesc(r)). (3.16)
We are now ready to sum up all the contributions to obtain Γcapt, the capture
rate of Dark Matter particles by the Sun
Γcapt =
∑
i
∫
dv
∫
dJ2
∫
dr
dΓi
dv dJ2 dr
(3.17)
The integral over J2 can be performed explicitly
∫
dJ2
[
1−
(
J
rw
)2]−1/2
Θ(rw − J) = 2r2w2,
and we obtain the final expression for the capture rate, on which will be
based the following discussion
Γcapt =
ρDM
MDM
∑
i
σi
∫ R
0
dr 4pir2 ni(r)×
×
∫ ∞
0
dv 4piv2 F¯ (v)
v2 + v2esc(r)
v
Pi(v, vesc(r)). (3.18)
To calculate Pi, one usually makes some simplifications, which we’ll list
here:
1) nuclei inside the Sun are at rest, that is their thermal velocity is neglected;
2) cross section for nucleus-Dark Matter interaction is constant.
Detailed calculations show that temperature effects are indeed small for
DM particles with mass smaller than ∼ 5 GeV.
Regarding the second point, one should introduce a form factor which
cuts the cross section, and so suppresses the capture probability, at high
energy transfer. We’ll discuss this point in detail in the next section.
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With these simplifying assumptions, one can show that the function Pi
is given simply by
Pi(v, vesc(r)) = ∆max −∆min
∆max
Θ [∆max −∆min] =
=
(
1− (mi +MDM)
2v2
4miMDM(v2 + v2esc(r))
)
·Θ
[
4miMDM
(MDM +mi)2
− v
2
(v2 + v2esc(r))
]
,
(3.19)
where ∆max/min stay for respectively the maximum and minimum fractional
energy loss ∆E/E that a particle can suffer in the scattering process, pro-
vided that it is captured; explicitly
∆max = 4miMDM/(MDM +mi)
2 ∆min = v
2/(v2 + v2esc)
by simple kinematics. In fact, the first form of this equation is just expressing
the probability of being captured as the ratio of the size of the interval
in energy losses leading to capture relative to the whole possible interval,
assuming therefore a flat distribution of the scattering cross section in energy.
The behaviour of Pi in the limit of high and resonant Dark Matter masses,
that is respectively MDM  mi or MDM ' mi will be our starting point in
deriving approximated formulas for Γcapt.
3.4.2 Approximated Formulas
Let’s study the following integral, which is the dv integral comparing in the
general formula for the capture rate
I(r) =
∫ ∞
0
v dv 4pi F¯ (v)(v2 + v2esc(r))Pi(v, vesc(r)). (3.20)
Noticing that everything in I depends on v only through v2, we can change
the integration variable from v to v2 = U . Then we have:
I(r) =
∫ ∞
0
1
2
dU 4pi F¯ (
√
U) (U + v2esc(r)) Pi(
√
U, vesc(r)) (3.21)
Let’s now study the limits that the Θ function imposes on the integration
space, studying in particular the limit MDM  m. The argument of Θ is
positive if and only if
4miMDM(U + v
2
esc(r)) ≥ (mi +MDM)2U
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U(
1− 4miMDM
(mi +MDM)2
)
≤ 4miMDM
(mi +MDM)2
v2esc(r) (3.22)
That’s to say, taking the limit, if and only if
U ≤ 4mi
MDM
v2esc(r) (3.23)
Which implies in particular that U  v2esc(r). Let’s call µi = MDM/mi  1.
In our limit, we can evaluate F¯ in 0, so that we obtain:
I(r) = 2piF¯ (0)v2esc(r)
∫ 4v2esc(r)/µi
0
(
1− µiU
4v2esc(r)
)
dU =
mi
MDM
4piF¯ (0)v4esc(r)
(3.24)
***
So we have now an explicit form for I(r), that can be put in the general
formula to obtain:
Γcapt =
ρDM
MDM
∑
i
σi
mi
MDM
16pi2
{
F¯ (0)
} [∫ R
0
r2ni(r)v
4
esc(r)dr
]
. (3.25)
This formula, which describes very accurately the capture rate by Hydrogen
and Helium for Dark Matter masses greater than ∼ 100 GeV, shows some
remarkable feature
• the dependence on Dark Matter velocity distribution is clearly visible
and easily computable. We see that only its value at zero velocity
counts;
• the integral over dr depends only on astrophysical knowledge of Sun
composition and mass distribution, and can be calculated numerically.
Its value is adimensional in natural units, and is equal to 1.28×1046 for
Hydrogen and to 1.61×1045 for Helium;
• finally, one can see immediately the dependence on the Dark matter
mass: at high energy the capture rate goes like 1/M2DM.
With a similar reasoning, one can obtain simplified formulas in the limit
MDM ∼ mi, which we call resonance limit. This is in fact the limit in which
the process of capture is more effective, because more effective are the energy
transfers between WIMPs and nuclei.
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One finds that the capture rate is well approximated by the following
formula
Γcapt =
ρDM
MDM
∑
i
σi16pi
2
{∫ ∞
0
vF¯ (v)dv
}[∫ R
0
r2ni(r)v
2
esc(r)dr
]
. (3.26)
Again, the evaluation of the separate integrals is far less time consuming
than the evaluation of the general formula, but they agree very well. One
can see that:
• the rate for WIMP capture goes like 1/MDM, this behaviour being
dictated by the simple fact that the density of Dark Matter particles is
inversely proportional to its mass;
• the contribution of Sun’s gravity and density distribution is again con-
densed in a single integral, which is a slightly different combination of
ni and vesc. Its value in natural units is equal to 8.74×1050 for Hydrogen
and to 1.02×1050 for Helium;
For Hydrogen and Helium, these formulas reproduce very accurately the
exact result.
One can ask if Hydrogen and Helium are really the biggest contributors
to the capture rate. We will talk about this point in the next section, where
we will distinguish between two mechanism of WIMP capture, via scalar or
axial interactions.
3.4.3 Heavier Elements
A parameter which enters in a crucial way in the capture rate is obviously the
cross section for WIMP-nucleus scattering. The very presence of a non zero
cross section between them can be argued by two fundamental theoretical
arguments:
• if we accept the theoretical framework according to which Dark Matter
is a thermal relic, then we have to conclude that Dark Matter particles
have a non vanishing cross section to annihilate into Standard Model
particles;
• we also know that, as a general fact, the same coupling that governs
the process ab→ cd is at the basis of ac→ bd, etc. (a property which
is called crossing symmetry).
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This can be paraphrased by declaring that “a WIMP that solves the Dark
Matter problem is generically expected to have some small, but non zero,
coupling to nuclei”.
In a model based work, one usually starts from the fundamental coupling
between WIMPs and quarks/gluons, and extrapolates the WIMP-nucleus
cross section by way of partons distribution in nucleons and nucleons distri-
bution in nuclei.
As often happens, the final quantity that one obtains from this extrapo-
lation share general properties, such that few parameters suffice to reproduce
any model. The main simplification comes from the fact that WIMPs are
non relativistic: one can see that in this regime only two kind of interaction
count: that is the Spin Dependent interaction (SD), where the WIMP cou-
ples to the spin of the nucleus, and the Spin Independent interaction (SI; also
called scalar), where the WIMP couples to its mass. WIMP-nucleus cross
section is then in general given by σ = σSD + σSI.
Another general result is that cross section is suppressed at high momen-
tum transfer, due to the diffuse structure of nuclei.
These points are implemented by taking (see [4] for a review of these
issues)
σSD ∝ µ2i (J 6= 0)
σSI ∝ µ2iA2,
where µi is the nucleus-WIMP reduced mass, J is the spin of the nucleus and
A is its mass number (having assumed that WIMPs have equal coupling to
neutrons and protons). Moreover, one has to substitute the function Pi with
P ′i(v, vesc(r)) =
1
E∆max
∫ E∆max
E∆min
d(∆E) |Fi(∆E)|2 (3.27)
that takes into account the suppression of the scattering cross section at high
energy transfers (∆E). Fi is the nuclear form factor, that can be approxi-
mated by an exponential
|Fi|2 = e−∆E/E0i , E0i = 5/2mir2i (SD), E0i = 3/2mir2i (SI),
where mi and ri are nuclear masses and radii[20]. The form factor’s typical
energy E0 decreases with mass number, and is equal to 72 MeV for Hydrogen
and to 0.14 for Iron. The limit in which one recovers the old expression for
Pi starting from the new one is E0 → ∞. In practice, to see if the form
factor modifies the capture rate (of course, by suppressing it) one needs to
confront E0 with typical energies of the problem, that is ∼ MDMv2, where
v2 is controlled by the DM distribution and by the escape velocity inside
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the Sun. The DM velocity distribution is Boltzmann suppressed at v ∼ 400
km/sec, while the escape velocity from the Sun reaches ∼ 1400 km/sec, such
that (vmax/c)
2 is of the order of 3× 10−5. One concludes that
MDMv
2
max ∼ 3× 10−2 MeV for H, and ∼ 2 MeV for Fe.
One concludes that for Hydrogen the form factor can safely be neglected,
while for Iron one expects it to have an important effect.
We present here a formula for the capture rate, exact in the limit of heavy
DM, which includes the effect of an exponential form factor suppression. It
can be derived with the same method which was used to derive formula 3.25,
finding
Γcapt =
1
M2DM
ρDM16pi
2F¯ (0)
∑
i
σiIi (3.28)
Ii =
∫ R
0
dr r2mini(r)
(
1
2
(E0/mi)
2 − (E0/mi)e−2miv2esc(r)/E0
(
E0/2mi + v
2
esc(r)
))
These last integrals depend on well known physics, and can be consid-
ered constants. Parameters which instead are poorly known (e.g. the DM
distribution and of course the DM mass) factorize, in such a way that one
has not to bother with the lengthy numerical integrations of formula 3.18.
In table 3.1 we list the values of Ii,red = Ii/R3 for elements which are not
totally negligible in the Sun.
For the Sun composition we used results of Serenelli et al. [28], which
naturally show the usual features of order 1% metallicity and ∼ 7/3 ratio
between Hydrogen and Helium, which are the main components of the Sun.
By the way we found some non negligible differences with mass fractions
given in the classical review by Jungman et al. [4], which modify somewhat
the final result.
All of these ingredients were taken into account in our numerical calcu-
lation of the exact capture rate. We sum up the main features of SD and SI
capture, which of course in general can coexist.
Spin Dependent Capture: In this case the capture rate is dominated by
Hydrogen, due to the fact that Helium, its main competitor, has vanishing
spin. Notice that heavier elements, taken together are still important, due to
the presence of the reduced mass factor, which goes like m2N for heavy DM
mass.
Spin Independent Capture: In this case one sees that there is a stronger
competition between elements. This is due to the fact that, even if heavier
element are less abundant, they have a far larger cross section, enhanced
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Element I(5/2)red I(3/2)red Si 1.77 · 108 9.38 · 107
H1 5.13 · 1011 5.13 · 1011 P 1.20 · 106 5.72 · 105
He4 2.56 · 1011 2.55 · 1011 S 5.86 · 107 2.71 · 107
He3 5.69 · 108 5.68 · 108 Cl 5.60 · 105 2.39 · 105
C12 1.05 · 109 9.68 · 108 Ar 4.83 · 106 1.89 · 106
C13 5.09 · 107 4.51 · 107 K 2.79 · 105 1.10 · 105
N14 1.27 · 109 1.08 · 109 Ca 4.14 · 106 1.62 · 106
N15 1.85 · 106 1.56 · 106 Sc 1.54 · 103 5.74 · 102
O16 3.76 · 109 3.08 · 109 Ti 8.62 · 104 3.17 · 104
O17 7.45 · 106 5.62 · 106 V 7.58 · 103 2.76 · 103
O18 9.60 · 106 7.40 · 106 Cr 3.35 · 105 1.22 · 105
Ne 6.61 · 108 4.75 · 108 Mn 1.84 · 105 6.65 · 104
Na 1.30 · 107 8.36 · 106 Fe 1.59 · 107 5.74 · 106
Mg 2.31 · 108 1.43 · 108 Co 3.37 · 104 1.21 · 104
Al 1.56 · 107 8.56 · 106 Ni 7.83 · 105 2.83 · 105
Table 3.1: We give values of Ii,red for various elements. They are given in units of
g/cm3 · (km/sec)4
by the factor µ2iA
2, which is proportional to m4N for heavy DM. This factor
gets somehow mitigated by the effect of the form factor which, as we said,
is important for heavy elements. The result is that the calculation of the
capture rate by spin independent capture is very delicate, in the sense that
it depends strongly on the various inputs (relative abundance, relative cross
section, etc.).
3.5 Equilibrium Condition
In figure 3.1 we plot the Spin Dependent and Spin Independent capture rates,
computed numerically starting from eq 3.18, with σ0 = 10
−40cm2.
We are now in a position to compute for what regions of the parameter
space of the theory, the equilibrium condition is reached. We say that equi-
librium is reached whenever t/τ ≥ 2.5 (tanh2 2.5 = 97.3%). The results are
given in figures 3.2 and 3.3.
Comparing them to the exclusion plots that one finds in literature (see
the next pages [42]), one sees that the equilibrium condition is still reached
for the present most optimistic values of (σ,MDM), and also for smaller values
(roughly one order of magnitude for SI and two for SD, having present that
SD cross sections are far less constrained than SI ones).
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Figure 3.1: SI (blue) and SD (red) capture rates, having assumed σ0 = 10−40 cm2, v0 =
270 km/sec, vtr = 550 km/sec. We also plot the asymptotes found with formula 3.28
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Chapter 4
Spectra at Production Region
Having estimated the capture rate of Dark Matter particles by the Sun, we
have now an estimate of the rate at which they annihilate inside the Sun,
thanks to equality 3.3. This value fixes the “normalization” for neutrino
signals which we expect to see from the Sun, and whose computation is the
main result that we are presenting in this work.
The process of annihilation is dictated by the annihilation cross section
times velocity 〈σv〉. One can in general expand it in a power series in v
〈σv〉 = a+ bv2 + ... (4.1)
where a corresponds to s-wave annihilation, b to p-wave annihilation, etc.
Since DM is extremely non relativistic, it is expected that only the order zero
term counts. Then, as discussed in [21], we can follow a model-independent
approach and, assuming that the primary annihilation products contain two
SM particles, state that eq 1.3 gives a complete list of the possible final states
of annihilation.
We are going to see in what a precise sense annihilation of WIMPs pro-
duces a flux of neutrinos.
The basic picture is the following: Dark Matter particles, which are con-
centrated about the center of the Sun, annihilate into Standard Model par-
ticles, which are therefore injected in the solar medium, where they undergo
several processes, that is:
• if the injected particles are quarks or gluons, they first hadronize;
• of course unstable particles can decay;
• interacting with the solar medium, particles are slowed down,
• they can also scatter inelastically with Sun’s particles and produce
secondary particles,
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• and they can get absorbed by matter nuclei.
It’s clear that neutrinos can be produced in a variety of ways. Of course
they can be the direct product of a Dark Matter annihilation, but they also
always arise as the decay products of unstable particles. A lot of unstable
particles which decay into neutrinos are produced in hadronic cascades.
Our effort is dedicated to the extraction of the energy spectrum of all
neutrinos produced in a given process of annihilation. This chapter is at
the same time an overview of the phenomenology of particle interactions
with matter and an explanation of the way in which we dealt with these
phenomena, to produce our spectra.
Neutrino spectra which we compute here are definitely not neutrino spec-
tra which reach Earth; in the next chapter we will deal with the propagation
of neutrinos from their production region in the center of the Sun towards
the Earth.
4.1 Particles and Matter
4.1.1 Hadronization
Quarks and gluons are often considered as possible decay channels for particle
Dark Matter candidates. Once they are created, they cannot propagate as
free particles, and they quickly hadronize; the outcome of this process is a
so called jet, an object which is well known in collider physics.
A jet is made of a large number of particles, and its physics is not fully
under control from a quantitative point of view. A lot of models have by the
way emerged and are used to compute them, finding good agreement with
experimental data.
For this work, we use Pythia, a program which is based on Monte Carlo
methods and which has proved to be a very useful and reliable tool for many
theoretical and experimental works.
4.1.2 Decays
Like the process of hadronization, particle decays are handled by Pythia,
which uses Monte Carlo methods to deal with the complexity of a multi-
particle phase space; decays are obviously based on our vast knowledge of
Standard Model processes.
The difficulty comes from the fact that Pythia is intended to treat only
decays in vacuum, where energy and momentum are always conserved. But
particles which we handle do not propagate in vacuum, so effort has to be
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devoted to the adaptation of Pythia standard code in order to implement
particle propagation in matter.
The basic features of particle propagation in matter are the subject of
the following paragraphs, and we’ll present both a theoretical overview and
an explanation of the way in which we practically implemented them.
4.1.3 Stopping
If a particle has a sufficiently long lifetime, it can interact with matter, with
a strength which depends on the kind of particle and on the constitution of
matter with which it interacts.
Depending on the particular process which we consider, we can distinguish
three situations:
• the particle under consideration decays before having time to interact;
• it decays after being completely stopped;
• the interaction time and the lifetime are comparable and the particle
loses a fraction of its energy which is neither ∼ 0 nor ∼ 1.
The kind of regime to which a particular process belongs does not depend
in general only on the injected particle, but also on its injection energy and
on the density of matter, so that also particles which in collider experiments
usually decay before interacting must be treated carefully.
If a particle has a very short lifetime, like for example a hadronic reso-
nance, it falls always into the first case, and we simply let Pythia decay
it.
If its interaction with matter are always sufficient to put it to rest (or
better, to thermalize it) a modification of the Pythia code is needed. We
built a c++ class, which we called DecayHandler that, every time a particle
which is stopped by matter is produced, takes it and puts its momentum to
zero.
Since Pythia is intended to treat vacuum processes, it checks that quad-
rimomentum is conserved at every step, which is always not the case, here.
So we employed a trick, which consists in creating a fake particle that carries
away the missing quadrimomentum p˜
pµ = p
′
µ + p˜µ.
***
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We are now going to treat the last case, which is of course the most
delicate, and explain the general method to treat it.
The lifetime of a particle is a random variable which, in the rest frame of
the particle, follows an exponential distribution
P (τ ≤ lifetime ≤ τ + dτ) = 1
τ0
e−τ/τ0 dτ = D(τ)dτ.
As time passes, the particle loses more and more energy, until it decays.
Since the time at which this happens is a random variable, the energy lost
during particle’s life will be a random variable, too.
Consider a particle whose energy in time is described, as a consequence
of the interaction with homogeneous matter, by the following differential
equation
dE
dt
= −f(E),
where E and t are calculated in the matter frame. The solution of this
differential equation will give E(t), but for our purposes it will be convenient
to find E(τ), that is the expression of the particle’s energy with respect to
matter as a function of its proper time. This can be obtained directly by
putting dt = γdτ = (E/m)dτ in the last equation
dE
dτ
= −f(E)E
m
, (4.2)
where m is the mass of the particle. The solution of this differential equation
gives the energy of the particle as a function of its proper time (and of course
of its initial energy E0), which is what we were looking for.
To see what is the distribution which describes the energy of the injected
particle before its decay, one uses the general method for finding the distri-
bution of a function of a random variable. If we call D˜ the distribution of
the energy of the decaying particle, such that
P (E ≤ energy ≤ E + dE) = D˜(E) dE,
we have that
D˜(E) = D(τ(E))
∣∣∣∣dτ(E)dE
∣∣∣∣ (4.3)
where D is the distribution which describes the lifetime of the particle (an
exponential, as we said) and τ(E) can be obtained by inverting the solution of
the last differential equation. The formula doesn’t suffer complications which
arise when the function of the random variable is not invertible, because it’s
easy to see that E(τ) is a monotonically decreasing function.
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There is another general way to see random distributions that is useful
when working with computers: every random variable can in fact be de-
scribed by the two step process of
• extracting a number randomly between 0 and 1;
• applying to it an appropriate real function.
For example, to implement an exponential distribution with typical lifetime
equal to τ0, one uses the random variable
τ = − τ0 ln(x),
where x is a number which is randomly extracted between 0 and 1. We
want now to implement, with this method, the distribution of energy at
decay. That is, we want to find the real function which, once applied to
x, reproduces the distribution D˜(E). It’s easy to convince that the correct
function is given by E˜
E˜(x) ≡ E(τ(x)) = E(τ0 ln(x)), (4.4)
where E(τ) is the function which solves the differential equation for the
slowing down of particles. So both methods start by solving the differential
equation for the slowing down of particles. In the following, we will make
explicit the form of f and show how we implemented the specific energy loss
mechanisms with Pythia.
For particles with energies much larger than their rest mass, the process
of slowing down by matter can always be well approximated by a constant
term plus a term which is proportional to the energy of the particle
f(E) = A+B E,
so that we have to solve
dE
dτ
= −αE − βE2 = −A
m
E − B
m
E2. (4.5)
The solution of the differential equation is given by
E(τ) =
αe−ατ
α
E0
+ β (1− e−ατ ) ,
and we conclude that
E˜(x) = E(τ(x)) =
αxατ0
α
E0
+ β (1− xατ0) . (4.6)
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We’ve found the general function which implements the distribution of energy
at decay for a particle with stopping parameters α and β, with initial energy
E0 and lifetime τ0, when x is a random number between 0 and 1.
***
For charged leptons, it is known that both terms can be important. For
muons the β term starts to dominate at ∼ 350 GeV, but we are going to
show that the α term alone is sufficient to completely stop the muon. For
taus, in our energy range, the flat term always dominate.
So let’s suppose that the energy loss of charged leptons is well described
by the α term, with
A ∼ 0.8 · 10
10GeV
sec
as appropriate for the Sun’s center conditions [17]. In this case one finds that
(β = 0 in eq. 4.5)
E˜(x)
E0
= xατ0 = xAτ0/m. (4.7)
The fractional energy loss is described by the single parameter Aτ0/m, which
is equal to 176000 for muons and to 1/660 for taus. These numbers say
that the distribution which describes the muon fractional survived energy is
peaked at zero, and that the one of tau is peaked at 1. We can therefore
safely put muons to rest, without bothering with the β term, and let taus go
freely.
***
For what concerns hadrons, their stopping, which is mostly due to strong
interactions, is well described by a stopping function proportional to E. That
is we can set α→ 0 in eq. 4.5, and find
E˜(x)
E0
=
1
1− E0τ0β ln(x) =
1
1− E0
Ecr
ln(x)
, (4.8)
Where we have called Ecr the combination 1/τ0β. We need now to quantify
β, in order to understand in what cases the process of stopping is competitive
with that of decay. In a regime in which stopping power is proportional to
the particle’s energy, stopping is described by
dE
dt
= −〈∆E〉
τint
= −〈∆E〉/E
τint
E = − 1
τstop
E,
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where 〈∆E〉 is the average energy loss and τint the typical interaction time
for a relativistic hadron travelling in the center of the Sun. By comparison
with the equations of the last page we see that B = 1/τstop, and so that
β = 1/mτstop.
Ecr is then given by:
Ecr =
mτint
fτ0
. (4.9)
In the last equation we have set f = 〈∆E〉/E, the average fractional energy
loss that a particle suffers in a collision with matter nuclei.
The meaning of Ecr should be clear from eq. 4.8: it is the energy above
which fractional energy losses become important. In practice, if Ecr is a small
energy (compared, say, to hadron masses) then the parameter E0/Ecr will
typically be a large number, and energy losses will be important. If Ecr is a
very large number compared to the typical energies of particles, then E0/Ecr
will be small, and stopping negligible.
Hadrons have masses and especially lifetimes which lie in a broad range,
and can show both behaviours.
Of course there are hadronic resonances, but their lifetimes are so small
that they always decay before interacting. At the opposite side one finds
particles like neutrons, which have a very long lifetime (∼ 15 min), and are
always stopped. Very important in our analysis are charged pions. Their
lifetime and masses are 2.6 × 10−8 sec and 0.14 GeV. We take f to be 0.1
and, since τint = 3.5 × 10−11 sec, one finds that for charged pions Ecr ≈ 2
MeV. This means that pions are always stopped. For kaons one finds similar
values, except for K0S, for which one has Ecr ≈ 2 GeV.
Larger values for Ecr are obtained for charmed and bottom mesons.
Charged D mesons, for example, have lifetime and mass equal to 10−12 sec
and 1.87 GeV, and one finds that Ecr ≈ 650 GeV, such that their stopping
dynamics is strongly coupled with processes we are studying (we are taking
the Dark Matter mass to lie between 5 GeV and 10 TeV).
Values just given are obtained with the assumption that f = 0.1. In
our Monte Carlo code, we used the more precise values that are given in
reference [17].
4.1.4 Secondaries
A fundamental point has not been taken into account: high energy parti-
cles injected in matter undergo processes which produce secondary particles.
For example, the β term in the stopping function of leptons corresponds to
bremsstrahlung: a high energy muon generally produces an electromagnetic
cascade while passing through dense matter. Remembering that we need
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to take track of neutrinos, neglecting electromagnetic cascades won’t cause
trouble, since no neutrinos are produced.
The problem arises with hadronic cascades, produced by high energy
hadrons hitting matter. In these cascades are in fact produced -between
others- a lot of pions, which decay into neutrinos.
The number of neutrinos produced in the process of Dark Matter annihi-
lation is therefore always underestimated by simulations which do not take
into account the production of secondaries.
This last remark needs however a specification: hadrons that compose
hadronic cascades are mainly pions (∼85 % or more) and kaons (the rest),
which are particles that are stopped by matter; the contribution to neutrino
spectra that comes from these secondaries will thus be concentrated in the low
energy region (∼ pion and kaon rest mass).
So, if one contents to keep track of the high energy part of neutrino spec-
tra, the contribution of secondaries can safely be neglected. There could
be good reasons to ignore low energy neutrinos: they are hardly detectable
and have to emerge from a larger background. But there are recent sugges-
tions [44, 45] that signals from low energy neutrinos can also be significant
(due essentially to very large yields of neutrinos), and we are going to keep
track of them.
***
Pythia, the MC code used to implement decays and successfully mod-
ified to reproduce slowing down of particles, is not suited for this task. We
therefore run the Geant4 code, a toolkit for the simulation of the passage
of particles through matter.
The hadronization of the Dark Matter annihilation final state is still done
by Pythia, which handles also unstable particles. Stable and metastable
particles are instead passed to Geant, which simulates their interaction with
the solar core. Its properties follow the Solar Standard Model of Serenelli et
al. [28].
Spectra produced by Geant will be confronted with those of Pythia.
According to the previous discussion, they would have to match fairly at high
energies; on the other side we expect from Geant spectra larger signals at
low energies coming from secondary particles.
4.1.5 Absorption
Still one more effect has to be taken into account, given its influence on
neutrino spectra: the possibility for particles of being absorbed by matter.
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Typically, particles can be absorbed only after their stopping, so we ob-
serve that
• only those particles which are stopped by matter can participate to this
phenomenon;
• absorption can affect only the low energy part of neutrino spectrum.
The process of absorption is two step: a negatively charged slow particle gets
electromagnetically captured by a nucleus; they interact.
Let’s consider first the case of pi−: after having been captured, it falls
into a small orbit (Bohr radius ∝ m−1), and rapidly interacts via strong
force with the nucleus, according to reactions
pi− + p→ n+ pi0(→ 2γ)
pi− + p→ n+ γ,
with probabilities 0.6 and 0.4. This process shows a fundamental feature: pi’s,
which decay weakly, if captured can interact strongly with their capturing
nucleus, to give a final state which doesn’t contain neutrinos nor unstable
particles. One important point is that the rate for electromagnetic capture
and strong interaction with nucleus is larger than the decay rate, such that
neutrinos that one would expect from pi− (vacuum) decay are not seen. This
effect is by default implemented in Geant, and was introduced by hand in
the Pythia code by simply inhibiting pi−s’ decays.
A similar fate for K− which, after capture, reacts with protons such that a
Λ particle emerges, whose favourite decay channels do not involve neutrinos,
even though they are driven by the weak force. Since capture and interaction
with nuclei are governed by strong forces, they are dominant with respect to
the rate for natural decay. No neutrinos are expected from negative kaons.
Also negatively charged muons undergo capture, such that reaction chan-
nels with nuclei are easily accessible. By the way, final states always involve
neutrinos, as a consequence of muon number conservation. The possibilities
for trapped muon are
• normal decay: µ− → e− ν¯e νµ,
• weak force mediated reaction with proton: µ− p→ n νµ.
The second process shows a monochromatic neutrino and the lack of an
electronic antineutrino, with respect to the normal decay. Both processes
are governed by the weak force, and are comparable.
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Neutrons undergo absorption, too. Essentially, this is due to nuclear
interactions with matter nuclei. A channel which is especially important
in the case of Sun is capture by hydrogen nucleus n p → D γ with cross
section of the order of ∼ b. One sees that this kind of process doesn’t lead
to neutrinos in the final states.
These considerations will be important in the analysis of low energy struc-
ture of neutrino spectra, which will be carried in the next section.
4.1.6 Analysis of spectra at production
In the next pages we present our results for the neutrino spectra at pro-
duction, together with some comparison between Pythia and Geant At
high energies, as expected, we see fair agreement between them. By the way,
low energy spectra present remarkable differences. These consist essentially
in the height of low energy bumps, which are given by decays at rest of
metastable particles.
We list here the most important signals, recalling that particles which
are always stopped and which are produced copiously are pions, muons and
kaons. Kaons produce in general a smaller signal.
Decay of pion: remembering that negatively charged pions are absorbed
by matter and that neutral pions decay electromagnetically, we are only inter-
ested in positive pions. Their only relevant decay mode is into an antimuon
and a muonic neutrino, which gives a monochromatic signal in νµ spectra, at
E = 30MeV.
Decay of muon: the only important decay mode is the three body decay
into electron and electronic antineutrino plus a muonic neutrino. It leaves a
signal both in ν¯e and νµ channels, in the form of a typical three body decay
bump, peaked at E ≈ mµ/3 ≈ 35MeV.
Decay of kaon: K+ has one monochromatic decay mode which mimics
that of pi+ , with νµ spike at ≈ 240 MeV (BR = 63%), plus two three
body decays into pi0 e+ νe (5.1%; E ∼ 0.1GeV) or into pi0 µ+ νµ (3.4%;
E ∼ 0.1GeV). The rest of its branching ratio is into light hadrons.
Regarding the high energy region, different spectra at fixed DM mass can
of course be harder or softer. The hardest channels are those in which the
primary particle decays into neutrinos before interacting with matter, like
τ or W channels. This last channel presents, in the high energy region, a
plateau which is the trace of a boosted two particle decay (e.g. W− → `− ν¯`).
As a cross check, we compared it with the analytical formulas for the plateau,
finding agreement. Still harder channels are of course those into neutrinos,
except for energies at which they are absorbed.
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The less neutrino producing channels are γ, e and µ channels, which
produce only electromagnetic cascades.
A remarkable point that can be deduced from these spectra is that, apart
from soft channels, which do not produce hadronic cascades, the low energy
neutrino yield is approximately the same for all channels, suggesting a sort
of universality in the spectrum of soft particles (pions, muons and kaons)
produced in hadronic cascades.
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Figure 4.1: Spectra produced by annihilation of TeV DM, as computed with Geant.
On top we plot ντ spectra, and here νµ spectra.
4.2 Electroweak corrections
This work also includes electroweak corrections, that is the inclusion of soft
electroweak gauge bosons radiation, important when the mass of Dark Matter
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Figure 4.2: Spectra produced by annihilation of TeV DM, as computed with Geant.
Here we plot νe spectra.
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Figure 4.3: Comparison between Pythia and Geant.
particles is larger than the Z and W masses. We include them at leading
order in the electroweak coupling as described in [29]. At large Dark Matter
masses, such bremstrahllung corrections are enhanced by large ln(MDM/mW )
logarithms.
In practice, we proceed as follows. In the previous section we com-
puted dNMCJ→ν`/dx: the MonteCarlo spectra in x = E/MDM of ν` produced
by DM annihilations into a generic two-body state J . To include EW
bremsstrahlung, we convolute such spectra with a set of electroweak split-
ting functions DEWI→J(z) (probability that I radiates a particle J with energy
reduced by a factor z) as follows:
dNI→ν`
d lnx
(MDM, x) =
∑
J
∫ 1
x
dz DEWI→J(z)
dNMCJ→ν`
d lnx
(
zMDM,
x
z
)
. (4.10)
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The sum is over all EW splittings. The rational behind this procedure is that
splittings are kinematically different from decays and happen before decays,
when particles have a large virtuality. The splitting functions are predicted
by the SM and listed in [29]. For example, left-handed electrons can radiate
neutrinos via the EW splitting eL → νeWT described by the function
DEWeL→νe(z) = δ(1− z)
[
1 +
α2
4pi
(
3`
2
− `
2
2
)]
+
α2
4pi
(
1 + z2
1− z L(1− z)
)
.
where ` = ln 4M2DM/m
2
Z and
L(x) = ln
M2DMx
2
m2Z
+ 2 ln
(
1 +
√
1− m
2
Z
M2DMx
2
)
.
Annihilation channels that would produce a low yield of neutrinos (such as
DM DM → e+e−) are significantly affected by EW bremsstrahlung because
they receive contributions from channels with large yield of neutrinos (such
as DM DM → W+W−).
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Chapter 5
Propagation
Neutrinos that we consider in this work are produced inside the Sun, but of
course detected (approximately) on Earth surface. Having computed neu-
trino spectra at their production region, we have now to propagate them
down to Earth.
The simple picture of neutrinos as particles which nearly do not see matter
is not adequate for several reasons.
The first is that their cross section with matter grows like E2 at high
energies, and for neutrinos with energy as high as 100 GeV the Sun becomes
optically thick, so that absorption has to be taken into account.
Another important point has to do with oscillations. It is known that
neutrinos, which are typically produced as flavour eigenstates, constitute
some non trivial linear combination of propagation eigenstates, such that
they oscillate. We will show that, even at energies at which Sun is optically
thin for neutrinos (∼MeV), the presence of matter somehow couples strongly
with oscillations, and new effects arise.
In the following we will briefly review these phenomena, explain how
we implemented them in this work, and analyse their effect on spectra at
production region.
5.1 Vacuum Oscillations
Historically, it was the discovery of neutrino oscillations which lead theorists
to believe that neutrinos are massive particles. Now we will explain oscilla-
tions starting from the assumption that neutrinos are massive fermions.
Here and in the following, physics will be often explained considering
the simplistic case of two mixed neutrinos (µ and τ), but formalism will be
extended to the realistic case.
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Leptons ad neutrinos interact via weak charged current, and flavour neu-
trino states (νe, νµ, ντ ) are those that enter into this current together with
the corresponding lepton. Like in the case of quarks, the most general mass
that we can give to neutrinos will not be diagonal with respect to flavour.
And in fact, flavour neutrino states are not eigenstates of the mass matrix.
Instead, its eigenstates, which are called ν1, ν2 and ν3, are given by a certain
linear combination of the flavour eigenstates
νl = Vliνi. (5.1)
For the simple case of two generation mixing, one has
νµ = cos θ ν1 + sin θ ν2, ντ = − sin θ ν1 + cos θ ν2.
Let’s imagine a muonic neutrino, which is produced in the atmosphere from
the decay of a pion. It will constitute a wave packet which is the superposition
of a ν1 and a ν2 wave packet. Since νi are the propagation eigenstates, it
is easier to follow the propagation of the atmospheric neutrino in terms of
them.
Their behaviour is well described by these two simple effects:
• firstly, while travelling, they acquire a phase. The point is that their
phase velocity is different, as a consequence of their different masses,
so that their coherent sum does not give always νµ, but rather different
combinations of νµ and ντ , with periodic variation;
• then, as a consequence of their different velocity, the wave packets tend
to shift from each other, until they separate.
For a detailed explanation of these points see [34, 35, 36, 39]. The phase
difference that wave packets accumulate while travelling is given by the fun-
damental formula
∆φ =
∆m2
2E
L = ∆vph · L, (5.2)
where ∆m2 = m22−m21, E is particle’s energy, and L is the distance travelled
since its creation. This implies that, at ∼ L, the neutrino state will be
described by
ν(L) = ei∆φ cos θ ν1 + sin θ ν2,
having ignored the overall phase, which has no quantum mechanical meaning.
ν(L) has in general a flavour composition which is different from that of the
initial νµ, and the probability of finding a tau muon at the detection region
L is given by the famous formula
P (νµ → ντ ) = |〈νµ | ν(L)〉|2 = sin2 2θ sin2 ∆m
2
2E
L. (5.3)
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Basically, the mass difference decides the oscillation length, while the mixing
angle gives the depth of the oscillation. This simple picture can roughly be
extended to the three dimensional case, even though in general things are far
more entangled. One reason why the two-neutrino picture sometimes work is
that the mass difference between ν1 and ν2 is much smaller than their mass
difference with ν3
| ∆m212 |≈ 10−4eV 2 | ∆m223 |≈| ∆m213 |≈ 3 · 10−3eV 2.
This implies that oscillations driven by ∆m212 start to become significant only
after many oscillations driven by ∆m213, and before that they can be ignored.
5.2 MSW effect
As anticipated, since propagation of our neutrinos takes place not only in
vacuum but also in solar and terrestrial interiors, we need to take into account
possible effects of matter.
Neutrinos interact with matter via exchange of weak bosons with matter
electrons and quarks. Scatterings of neutrinos which are mediated by the
Z boson are the same for all flavours, and do not affect flavour transitions
between neutrinos. The interesting effect is due to forward scattering of elec-
tronic neutrinos on electrons. This has the effect of changing the eigenstates
of propagation, in a manner which depends on electron density, and therefore
on the position inside the celestial body. This has complex and interesting
implications.
Let’s be more explicit: if oscillations in vacuum can be described by the
following differential equation,
i
d
dx
ν =
m ·m†
2E
ν,
oscillation in matter can be described by
i
d
dx
ν =
(
m ·m†
2E
+ A
)
ν,
A =
√
2GF
[
Nediag (1 0 0)− Nn
2
diag (1 1 1)
]
. (5.4)
Here ν stays for (νe, νµ, ντ ).
One sees that the introduction of A modifies the eigenvectors of propa-
gation (which correspond to νi, the eigenvalues of m ·m†, when A = 0) and
that they depend on Ne, as anticipated, and on E. We will call them
ν
(m)
i (Matter Eigenstates).
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To illustrate a simple implication of this fact, consider an electron neutrino
which is produced at the center of the sun, and suppose that, having a
particular energy and finding itself in a given environment, νe ≈ ν(m)1 . Since
ν
(m)
1 is one of the propagation eigenstates, it will remain the same, if solar
density remains the same. What happens if solar density changes?
Matter eigenstates at fixed E will change according to local Sun density,
so that
ν
(m)
1 (L) 6= ν(m)1 (0).
This means that, if ν
(m)
1 (0) was precisely the electron neutrino, ν
(m)
1 (L) will
have a generally different flavour content. If the solar density changes suffi-
ciently slowly, then the state ν
(m)
1 (0) will continuously evolve into ν
(m)
1 (L),
with the effect that the initial electron neutrino is converted into a neutrino
with non electron flavour components. This is called the MSW effect.
If the initial neutrino is an admixture of different matter eigenstates, its
dynamics is given by the interplay of
• increasing phase difference, which is governed by the difference of mat-
ter eigenvalues,
• continuous variation of propagation eigenstates which, in the two flavour
model, corresponds to a dependence of the mixing angle on the location
of the wave packet θ(m)(L).
Let’s remark that a constant of the just explained dynamics is the mat-
ter composition of the wave packet. In other words, there is no transition
between different matter eigenstate (no ν
(m)
i ↔ ν(m)j 6=i transitions): the admix-
tures are given by the mixing at production point.
This regime is called adiabatic.
5.3 Adiabaticity and non-adiabatic transitions
We are going to study in more detail the condition of adiabaticity, and the
physical situation in which it can be violated, after having illustrated the
concept of resonance layer.
Consider the case of two neutrino mixing. Mixing is determined by one
fundamental parameter, that’s θ, which identifies the rotation in flavour space
which diagonalizes the propagation matrix. In matter, mass matrix will be
distorted with respect to vacuum, in a manner which as usual depends on
neutrino energy and solar composition. For realistic energies and densities,
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Figure 5.1: Mixing angle for two neutrino mixing
distortion can lead to maximal mixing, that is to θ(m) = pi/2. The relative
importance of vacuum and matter terms id given by
x =
√
2GFne
∆m2
2E
.
Figure 5.1 shows the behaviour of the mixing angle between electron and
non-electron neutrino as a function of x, for different vacuum mixing angles.
One can see the typical resonant behaviour; in formulas, one can show that,
at
x = cos 2θ (5.5)
the mixing becomes maximal. This last condition determines the resonance
density and width at half maximum
nRe =
∆m2
2
√
2GFE
cos 2θ,
∆nRe =
∆m2
2
√
2GFE
sin 2θ. (5.6)
Let’s pause and turn to the question of adiabaticity. Qualitatively, the prob-
ability of a transition between eigenstates will be proportional to the rapidity
with which matter eigenstates change and inversely proportional to the en-
ergy gap between eigenstates. One introduces the parameter γ, defined by
γ =
∣∣∣∣∣ θ˙(m)H(m)2 −H(m)1
∣∣∣∣∣ . (5.7)
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Figure 5.2: Matter eigenstates
It is now apparent that the adiabaticity condition, which corresponds to the
inequality γ  1, is crucial in the resonance layer where
• the mixing angle changes rapidly,
• the level splitting is minimal.
Then there will be a certain transition probability, giving a still richer phe-
nomenology. For details, see [34, 39].
For the interesting case of three neutrino mixing, these results can be
extended, with the usual complication which arise from the far more intricate
geometry of a three dimensional complex space. In figure 5.2, one can see a
plot which synthesizes in a concrete situation, what we have just explained.
You can see, as a function of the solar radius, the eigenvalues of propagation
eigenstates. Their colour composition indicates their flavour content. The
resonance layers (two in this case) are clearly visible at r/R ∼ 0.25 and
r/R ∼ 0.6.
5.4 NC and CC scattering
Neutrinos’ interaction with matter becomes strong at energies of the order
of 100 GeV in the Sun and of 10 TeV in the Earth. Scatterings mediated
by the exchange of a Z boson (Neutral Current) have the effect of removing
a neutrino from the flux and re-injecting it in the same direction with lower
energy. Since at very high energies the cross section is given by
σ ∼ G2F m Eν ,
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where m is the mass of the target particle, it follows that only nucleons
contribute to scattering.
Scattering mediated by Charged Current consists in a deep inelastic pro-
cess on a nucleon νN → lX which effectively removes a neutrino from the
flux and produces an almost collinear charged lepton. If the lepton is a tau,
it will decay promptly into
→ X ντ (BR = 64.8%),
→ e− ν¯e ντ (BR = 17.8%), → µ− ν¯µ ντ (BR = 17.4%),
such that energetic neutrinos will be re-injected into the flux. In this way
the total flux is enlarged, a phenomenon which is called τ -regeneration
Things get more complicated for the case of muonic neutrinos, which
scatter into a muon, that can travel long distances in matter before decaying.
There it can create secondaries which can decay into neutrinos, giving rise to
a low energy spectrum similar to the one which we discussed in section 4.1.4.
5.5 Implementation
All of these effects have to be taken into account simultaneously, and to do
that we follow the formalism employed by [16, 17, 18, 19]. It consists in
in studying the spatial evolution of the 3 × 3 matrix of densities of neutri-
nos ρ(Eν), and of antineutrinos ρ¯(Eν). The diagonal entries of the density
matrix represent the population of the corresponding flavours, whereas the
off-diagonal entries quantify the quantum superposition of flavours. The ma-
trices ρ(Eν) and ρ¯(Eν) satisfy a coupled system of integro-differential equa-
tions in the distance r from the center of the Sun:
dρ
dr
= −i [H, ρ] +
(
dρ
dr
)
NC
+
(
dρ
dr
)
CC
,
with an analogous equation for ρ¯.
The first term describes oscillations, computed including the vacuum mix-
ing and the MSW matter effect [33]. The effective Hamiltonian reads
H =
m† ·m
2Eν
±
√
2GF
[
Nediag (1 0 0)− Nn
2
diag (1 1 1)
]
(5.8)
where m, we recall, is the 3 × 3 neutrino mass matrix, and the + and -
sign apply for neutrinos and antineutrinos respectively. One has m†m =
52
V · diag(m21,m22,m23) · V †, where m1,2,3 > 0 are the neutrino masses and V is
the neutrino mixing matrix, given by
V = R23(θ23) ·R13(θ13) · diag (1, eiφ, 1) ·R12(θ12),
where Rij represents a rotation in the ij plane. In the work, we assume the
present best fit values for the mixing parameters (e.g. from [37, 38, 39]), in
particular updating θ13, which was taken to be zero in previous works. The
parameters which we use are
tan2 θsun = 0.45, θatm = 45
◦, θ13 = 8.8◦,
∆m2sun = 7.5× 10−5eV2,
∣∣∆m2atm∣∣ = 2.45× 10−3eV2.
The second term describes the absorption and re-emission due to NC
scatterings νN ↔ νN (where N is any nucleon in the Sun), which remove a
neutrino from the flux and re-inject it with a lower energy. So they contribute
to the evolution equation as:(
dρ
dr
)
NC
= −
∫ Eν
0
dE ′ν
dΓNC
dE ′ν
(Eν , E
′
ν)ρ(Eν) +
∫ ∞
Eν
dE ′ν
dΓNC
dEν
(E ′ν , Eν)ρ(E
′
ν)
(5.9)
where
ΓNC(Eν , E
′
ν) = Np(r) σ(ν`p→ ν ′`X) +Nn(r) σ(ν`n→ ν ′`X).
The third term describes Charged Current (CC) scatterings of an initial
neutrino ν` with energy Eν , which remove the ν` from the flux and produce a
charged lepton ` and scattered hadrons. They decay back into neutrinos ν`′
and anti-neutrinos ν¯`′ with lower energy E
′
ν : their energy distributions are
described by the function f`→`′(Eν , E ′ν), that we compute using Geant.
dρ
dr
∣∣∣∣
CC
= −{ΓCC, ρ}
2
+
∫
dEinν
Einν
∑
`,`′
[
ρ``(E
in
ν )Γ
`
CC(E
in
ν )f`→`′(E
in
ν , Eν)
+ρ¯ττ (E
in
ν )Γ¯
¯`
CC(E
in
ν )f¯`→`′(E
in
ν , Eν)
]
Π`′ , (5.10)
where Π` is the projector on the flavour ν`. The matrices ΓCC, Γ¯CC that de-
scribe the rates of CC interactions are given by ΓCC(Eν) = diag(Γ
e
CC,Γ
µ
CC,Γ
τ
CC),
where
Γ`CC = Np(r) σ(ν`p→ `X) +Nn(r) σ(ν`n→ `X).
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Figure 5.3: Neutrino propagation from the Sun to the Earth. At E  10 GeV the total
probability P (νi →
∑
f νf ) is smaller than 1 because of absorption.
We numerically solve the evolution equation starting from the initial condi-
tion dictated by the spatial distribution of DM annihilations inside the Sun,
proportional to n(r)2 given by eq. 3.8.
Figure 5.3 shows the transition probabilities P (ν` → ν ′`) between flavour
eigenstates of neutrinos (continuous curves) and anti-neutrinos (dashed) from
the Sun to the surface of the Earth, for the moment ignoring Earth crossing
effects that depend on the crossing angle ϑ. The upper two refers to a normal
spectrum of neutrinos (m1  m2  m3), while the lower row to an inverted
spectrum (m3  m1 ≈ m2).
For comparison, fig. 5.4 shows the same probabilities computed for θ13 =
0. We see that there are significant differences.
Considering for example P (νe → νe), it goes from 1− 12 sin2 2θ12 at E 
MeV (averaged vacuum oscillations) to sin2 θ12 at larger energies (adiabatic
MSW resonance for θ12). If neutrinos have normal hierarchy, at Eν  100
MeV also θ13 become enhanced by an adiabatic MSW resonance, and P (νe →
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Figure 5.5: Oscillation probabilities into νµ (continuous curves) and into ν¯µ (dashed)
for neutrinos crossing vertically the Earth.
νe) drops. Many effects happen when Eν ∼ 10 GeV: MSW resonances cease
to be adiabatic, and the solar oscillation wave-length becomes comparable
to the size of the Sun. These two effect cause an increase of P (νe → νe)
towards its vacuum oscillation value. However this increase gets stopped by
neutrino absorption due to interactions with solar matter, which causes all
probabilities to drop to zero in the limit of large energy.
The other oscillation probabilities can be similarly understood.
We numerically computed the full transition probabilities P±(ν`(E) →
νi(E
′)) from the Sun to the Earth, with ` = {e, µ, τ, e¯, µ¯, τ¯}, i = {1, 2, 3, 1¯, 2¯, 3¯}
and E ′ ≤ E in the two cases of normal (P+) and of inverted (P−) neutrino
mass hierarchy. We have here plotted them in the limit E ′ = E. In this limit
the ν ↔ ν¯ transitions vanish. We are not plotting the spectra of neutrinos
regenerated at lower energies E ′ < E. The transition probabilities can be
larger than one at E ′ ∼ MeV where regeneration effects are large.
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Figure 5.6: Spectra at Earth for MDM = TeV. We plot dNν/ dLogEν as a function of
Log(E/MDM)
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Chapter 6
Final Result and Conclusions
Finally, we provide the energy spectra of neutrino mass eigenstates dN±νi/dEν
produced by one DM annihilation in the Sun, after taking into account all ef-
fects that neutrinos encounter after reaching the Earth. We provide two sets
of spectra: dN+νi/dEν corresponding to neutrinos with normal mass hierar-
chy, and dN−νi/dEν corresponding to neutrinos with inverted mass hierarchy.
Presently the real mass hierarchy of neutrinos is unknown.
If neutrinos do not cross the Earth, the energy spectra for the neutrino
flavour eigenstates are given by
dN±ν`
dEν
=
∑
i
|V`i|2
dN±νi
dEν
. (6.1)
If neutrinos cross the Earth with zenith angle ϑ (cosϑ = −1 corresponds
to the maximal vertical crossing, and cosϑ = 0 corresponds to the minimal
horizontal crossing), the neutrino fluxes at detection are given by
dN±ν`
dEν
=
∑
i
P±earth(νi → ν`, Eν , ϑ)
dN±νi
dEν
. (6.2)
where the oscillation probabilities Pearth are readily computed adopting the
standard Earth density model given that neutrino interactions are negligible
within the Earth. Some Earth oscillation probabilities are plotted in fig. 5.5;
for large and small neutrino energy they approach the limiting values |V`i|2.
In this thesis we focused on the detailed calculation of neutrino fluxes
which originate from the annihilation of Dark Matter particles trapped inside
the Sun.
Together with a group based in Tallin, we initially computed spectra
using the Monte Carlo program Pythia, a public code which we modified
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to take into account the effects of slowing down of particles in matter. Since
high energy particles also produce secondaries, we decided to run Geant
to simulate this effect. The Geant spectra will be part of a work that will
soon appear. The high energy region of Geant spectra were compared with
spectra computed with Pythia, and found to agree fairly.
The work will also include our computation of the capture rate via Spin
Independent and Spin Dependent interactions, which is necessary to set the
normalization of the neutrino fluxes. This is because, when equilibrium is
reached -and for optimistic values of σDM−p this is the case-, the annihilation
rate is equal to one half the capture rate. As a consequence, the fluxes of solar
neutrinos are used to set bounds to the cross section between Dark Matter
and normal matter, and not to the DM-DM annihilation cross section, as one
would expect. Bounds from solar neutrinos therefore compete with bounds
from direct detection, and not with those which come from indirect detection
of elementary particles from DM annihilation in the Dark Halo.
At present, limits on the Spin Independent cross section set by exper-
iments of direct detection are more stringent than those which can be set
by solar neutrinos detectors. For what concerns the Spin Dependent cross
section, both kinds of experiment are instead competitive.
We hope that our spectra will help experiments like IceCube, Antares,
SuperKamiokande and Baksan [41, 42, 40, 43] to improve their sensibility
and, in case a positive signal is discovered, to recognize the characteristics of
the discovered particle, in order to see what is the DM model, between those
which have been proposed by theorists, which captures its nature.
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